• Background and Aims Pollen grains of flowering plants display a fascinating diversity of forms, including diverse patterns of apertures, the specialized areas on the pollen surface that commonly serve as the sites of pollen tube initiation and, therefore, might play a key role in reproduction. Although many aperture patterns exist in angiosperms, pollen with three apertures (triaperturate) constitutes the predominant pollen type found in eudicot species. The aim of this study was to explore whether having three apertures provides selective advantages over other aperture patterns in terms of pollen survival, germination and reproductive success, which could potentially explain the prevalence of triaperturate pollen among eudicots.
INTRODUCTION
Pollen grains, the male gametophytes of flowering plants, are morphologically diverse across species, exhibiting differences in size, shape, and macro-and ultrastructures of their pollen walls (Erdtman, 1952; Heslop-Harrison, 1971 ; PalDat, http:// www.paldat.org/). One type of structure commonly present on the pollen surface are apertures, the areas characterized by a reduced deposition of the pollen wall exine (Hesse et al., 2009) . Like other pollen features, aperture patterns are highly variable among species: apertures can differ in morphology (pore, furrow or both), in number (from no apertures to >100) and in positions on the pollen surface (polar, equatorial or distributed throughout the surface) (Erdtman, 1952) . Apertures have been proposed to play multiple roles: accommodate pollen deformation during changing hydration conditions; facilitate water and gas exchange; and participate in various aspects of pollen performance, from survival to germination of pollen tubes (Wodehouse, 1935; Edlund et al., 2004; Halbritter and Hesse, 2004; Katifori et al., 2010; Vieira and Feijó, 2016) .
Although a wide range of aperture patterns exists in angiosperms (Erdtman, 1952 ; PalDat, http://www.paldat.org/), in most species apertures exhibit one of the two predominant patterns, considered to be two evolutionary stases (Bailey and Nast, 1943; Matamoro-Vidal et al., 2016a) . Basal angiosperms and monocots mainly produce monosulcate pollen grains, characterized by a single furrow-like aperture located at the distal pollen pole, while eudicots largely produce tricolpate pollen grains with three furrow-like, longitudinal apertures (Walker and Doyle, 1975; Wortley et al., 2015) , resulting in eudicots sometimes being referred to as the tricolpate clade (Donoghue and Doyle, 1989; Judd and Olmstead, 2004) .
The prevalence of the tricolpate, or more generally triaperturate, pollen among eudicot species has long puzzled palynologists and evolutionary biologists (Walker and Doyle, 1975; Furness and Rudall, 2004) . Previous studies have proposed that the triaperturate stasis in eudicots is more likely to be caused by selective pressures favouring this particular pollen type than by developmental constraints limiting other pollen morphologies (Albert et al., 2009; Matamoro-Vidal et al., 2012; Matamoro-Vidal et al., 2016a) . This idea is consistent with the general trend in angiosperms towards an increase in aperture number over evolutionary time, suggesting that aperture patterns might have an influence on pollen reproductive performance (Walker, 1974; Walker and Doyle, 1975; Van Campo, 1976; Doyle and Hotton, 1991; Furness and Rudall, 2004) .
Although several studies have previously looked at various aspects of pollen performance (Williams and Mazer, 2016) , the question of whether it is indeed influenced by aperture patterns has remained largely unanswered (Dajoz et al., 1991 (Dajoz et al., , 1993 Till-Bottraud et al., 2001; Edlund et al., 2004) .
Here, we took advantage of recently characterized arabidopsis mutants which, together with a wild-type arabidopsis, constitute a pollen aperture series. They produce pollen with zero, three, four and a mix of four to eight apertures (d'Erfurth et al., 2009; Dobritsa et al., 2011; Dobritsa and Coerper, 2012; Reeder et al., 2016) , thereby covering most of the range of aperture numbers found in eudicots and allowing us to use pollen from a single species to assess the role of aperture patterns. We used this series to test if differences in aperture numbers affect four specific aspects of pollen performance -on-stigma pollen germination, growth of pollen tubes, pollen longevity and ability to sire seeds in competitive pollinations -and, if so, whether triaperturate pollen, the predominant class among the pollen of eudicots, performs better than the other pollen types in these assays.
MATERIALS AND METHODS

Arabidopsis lines
We used several Arabidopsis thaliana mutants that differ in their pollen aperture number from the wild type, which has triaperturate pollen grains. The inp1-1 mutant produces pollen without apertures (Dobritsa et al., 2011; Dobritsa and Coerper, 2012 ) (pollen length = 18.07 ± 1.62 µm; n = 12). This mutant exhibits well-developed siliques and a normal number of seeds per silique, indicating that this morphological change has no gross effects on fertility under laboratory conditions (Dobritsa et al., 2011) . The lsq6 mutant (Dobritsa et al., 2011; Reeder et al., 2016) produces mostly four-aperturate pollen grains and a few triaperturate grains (pollen length = 27.86 ± 2.02 µm; n = 9). Since inp1 and lsq6 plants have the Columbia (Col-0) genetic background, in all experiments their mutant pollen was compared with the wild-type Columbia (wt Col) pollen (pollen length = 23.49 ± 1.12 µm; n = 9). lsq6 plants are tetraploid and produce diploid pollen grains (Reeder et al., 2016) .
The osd1-1 mutant plants are in the Nossen (No-0) genetic background and were obtained from a segregating progeny of the osd1-1/+ plants. The Nossen pollen, called wt No-0 here, was used as the wild-type control for the osd1 pollen (wt No-0 pollen length = 22.24 ± 0.68 µm; n = 9). The osd1 mutants (d'Erfurth et al., 2009) produce a mix of four-to eight-aperturate pollen grains (Prieu et al., 2016; Reeder et al., 2016) (pollen length = 24.25 ± 2.00 µm; n = 11). The mutation in the OSD1 gene leads to the production of functional diploid pollen grains due to the absence of the second meiotic division (d'Erfurth et al., 2009) . Unlike in the triaperturate and four-aperturate pollen grains, in the six-and eight-aperturate pollen, apertures were no longer distributed around the pollen equator. Instead, they usually formed the edges of a tetrahedron or a square-based pyramid, respectively (Prieu et al., 2016; Reeder et al., 2016) .
Growth conditions
Plants were grown in a climatic chamber under the following conditions: 16 h of light at 20 °C; 8 h of darkness at 16 °C. Experiments were carried out as soon as plants produced flowers (approx. 6 weeks after sowing).
In vivo germination and pollen tube growth assays
The in vivo germination experiments ( Fig. 1) were performed using nearly open flowers with non-dehisced stamens [stage 13 flowers (Alvarez-Buylla et al., 2010) ] as the source of receptive pistils. Each receptive flower was removed from the plant and emasculated. Stigmas were then pollinated with pollen from the flowers that opened that day (young pollen grains), or from flowers that opened 3 d previously (old pollen grains). Pollination was carried out on receptive flowers of the same genotype as pollen. Pollen grains were carefully deposited on stigmas using tweezers under a dissecting microscope to ensure that each pollen grain was in contact with the stigma surface. Care was taken to place enough pollen to provide sufficient statistical power for the germination percentage analysis, but not so much that it would make scoring germination events difficult. The average number of pollen grains per stigma was 55 ± 24. The pollinated flowers were incubated on a Petri dish lined with filter paper dipped in water for either 30 min or 4 h, after which their stigmas were dissected, mounted in aniline blue solution (1 mm aniline blue, 80 mm K 3 PO 4 , 15% glycerol) and imaged using a ×40 objective on a Zeiss Axiophot microscope. This procedure was performed without any fixation to avoid dislodging the non-germinated pollen grains. Each pollen grain was scored as germinated/non-germinated by focusing on it, and the percentage of germinated pollen grains was calculated. An event was scored as germination when the length of the pollen tube was at least equal to the diameter of the pollen grain. All the scoring was done blindly. The experiments were repeated at least six times for each genotype.
The in vivo pollen tube growth experiments were also performed using stage 13 receptive flowers prepared as described above. Each receptive flower was pollinated with young pollen from flowers that opened that day (from 30 to 50 pollen grains). The pollinated flowers were incubated for 4 h on a Petri dish with a filter paper dipped in water. The pistils were fixed in FAA (50 % ethanol, 10 % formaldehyde, 5 % acetic acid) overnight at 4 °C, rinsed three times in water and incubated in 4 m NaOH for 30 min. The pistils were again rinsed three times in water, incubated in aniline blue solution for 2 d, mounted in 100 % glycerol and imaged using a ×10 objective on a Zeiss Axiophot microscope. The experiments were repeated at least 12 times for each genotype. The mean pollen tube length in micrometres for each pistil was measured using the ROI manager tool in NIH ImageJ. All the measurements were done blindly.
Statistical analysis
R software (R Core Team, 2014) was used to carry out statistical analyses. In order to test the effect of aperture number on germination, we analysed the number of germinated and non-germinated young pollen grains with different numbers of apertures, which had been on stigmas for either 30 min or 4 h. Because the number of germinated and non-germinated young pollen grains is a binomial variable, we used for analysis a generalized linear model (GLM; an extension of the linear model to a non-normal variable) with binomial distribution and the classical logit link function. We tested the effects of aperture number, time that pollen spent on the stigma and the possible interaction between the aperture number and time. Pairwise comparisons between aperture numbers for each time on a stigma and between times on a stigma for each aperture number were conducted with Bonferroni's multiple comparisons adjustment.
In order to test whether pollen age affects germination differently in lines with different aperture numbers, we analysed the number of germinated and non-germinated young and old pollen grains from different lines 4 h after pollination. We performed GLM analysis to evaluate the effects of aperture number, pollen age and aperture number-pollen age interaction. Pairwise comparisons between aperture number for each pollen age and between pollen ages for each aperture number were conducted with Bonferroni's multiple comparisons adjustment.
In order to test whether aperture number affects pollen tube growth, we compared the mean pollen tube length between pollen grains differing in aperture number. To compare the results for inp1, lsq6 and wt Col, we performed an analysis of variance (ANOVA) followed by the Tukey's contrast test. A Student's t-test was performed for the comparison between the osd1 and wt No-0 results.
In vivo competitive pollinations
In vivo competitive pollinations using triaperturate and inaperturate pollen were done as previously described (Carlson et al., 2009 (Carlson et al., , 2013 Fitz Gerald et al., 2014) . Col-NPTII, a derivative of Col-0 containing a homozygous intergenic kanamycin resistance marker NPTII that allows for easy paternity testing, was used as a source of triaperturate pollen and was considered to be equivalent to wt Col. It has been shown previously that the presence of this marker does not affect competitive ability of pollen and that Col-NPTII pollen behaves indistinguishably from the Col-0 pollen in mixed pollinations (Carlson et al., 2009 (Carlson et al., , 2013 ) -we have also confirmed this result here. Newly bolted primary inflorescences of Col-0 plants were used as maternal plants for all the crosses. Flower buds at developmental stages 11-12 (Alvarez-Buylla et al., 2010) were emasculated and pistils were allowed to mature to stage 14 before performing pollinations. Anthers from stage 14 flowers were used as a source of pollen. We performed control competitive pollinations between Col-NPTII and Col-0, as well as competitive pollinations between Col-NPTII and inp1. Saturating amounts of pollen from one father were applied under a microscope (Leica ZOOM2000) on one half of the stigma surface as described (Carlson et al., 2013) , followed by the addition of pollen from the competing father on the remaining half of the stigma. For each type of competitive pollination, we performed a minimum of seven crosses. For the Col-NPTII vs. inp1 pollinations, two independent trials (consisting of eight and seven crosses, respectively) were performed. On average, mixed pollinations produced 46.1 ± 1.8 seeds (mean ± s.e.) per silique, which was within 1 SD of the seed sets produced by the parents Col-NPTII and inp1 in single pollinations, as well as of the seed sets produced by competitive crosses between Col-NPTII and a variety of arabidopsis accessions (Carlson et al., 2013) . Mature siliques were collected and seed paternity was assessed for individual siliques by growing seeds on MS medium (Murashige and Skoog, 1962) supplemented with 50 µg mL -1 kanamycin. Seedlings grown from the seeds that inherited the NPTII gene were resistant to kanamycin, while the progeny of Col-0 or inp1 parents were not.
RESULTS
Effect of aperture number and time spent on stigma on pollen germination
To look at the effect of aperture number on pollen germination, the germination of young pollen grains with different aperture numbers was determined at two time points (30 min and 4 h) after pollination. To test if aperture numbers and time spent on the stigma influenced pollen germination, we first performed a global analysis of data using a GLM test. The GLM test comparing germination between pollen of the Columbia background with zero (inp1), three (wt Col) or four (lsq6) apertures demonstrated significant effects of aperture number and time allowed for germination, as well as the interaction between these two parameters ( Table 1 ). The GLM test comparing pollen germination between the Nossen lines with three (wt No-0) and four to eight (osd1) apertures also found a significant effect of aperture number and on-stigma time, but did not find an interaction between these parameters (Table 1) .
To look in more detail at the effects of aperture number and on-stigma time on pollen germination, we then performed pairwise comparisons for different variables. When we compared germination of the Columbia background pollen grains with zero (inp1), three (wt Col) and four (lsq6) apertures that were kept on stigmas for only 30 min, no significant difference was found between the pollen grains with zero and three apertures; however, germination was significantly lower for pollen with four apertures ( Fig. 2; Table 2 ). Four hours after pollination, the triaperturate pollen grains had significantly higher germination than the other two types of pollen ( Fig. 2; Table 2 ).
In the Nossen background comparison, the triaperturate wt No-0 pollen showed a significantly higher germination than osd1 (four to eight apertures) after either 30 min or 4 h ( Fig. 2 ; Table 2 ).
For most pollen types from both backgrounds (inp1, wt Col, wt No-0 and osd1), we found that more time allowed for germination led to higher germination: in all these cases, the percentage of germinated pollen grains was higher after 4 h than after 30 min of on-stigma time ( Fig. 2; Table 2 ). This suggests that not all pollen grains capable of germination do so equally quickly and that the extra time allows lagging grains to catch up. Interestingly, for the lsq6 pollen grains with four apertures, we did not observe any difference in germination after either 30 min or 4 h ( Fig. 2 ; Table 2 ), suggesting that in this case, essentially all grains capable of germination do so soon after pollination.
Germination of pollen with different aperture numbers as a function of pollen age
To determine if differences in aperture numbers affect pollen longevity, we compared germination of young and old pollen from lines with different aperture numbers at 4 h after pollination. The GLM test comparing germination between the Columbia background pollen with zero, three or four apertures showed a significant effect of aperture number, pollen age and the interaction between these parameters (wt Col-inp1-lsq6; Table 3 ). Similarly, the GLM test for lines of the Nossen background with three (wt No-0) and four to eight (osd1) apertures also showed a significant effect of aperture number and age, but no interaction between these two parameters ( Table 3) . The pairwise comparisons of the germination percentages for young pollen grains with the Columbia background showed a significant difference between the lines with zero, three or four apertures (inp1/wt Col/lsq6; Fig. 3 ; Table 4 ). The percentage of germinated pollen grains was the lowest for young pollen with four apertures and the highest for pollen with three apertures (Fig. 3) . For old pollen grains, no significant difference was found between the pollen grains with zero and three apertures ( Fig. 3; Table 4 ), whereas the germination percentage was still the lowest for old pollen with four apertures (lsq6) (Fig. 3) .
In the Nossen background, a similar comparison between wt No-0 (three apertures) and osd1 (four to eight apertures) showed a significantly higher germination percentage in the triaperturate wt No-0 line than in osd1 for both young and old pollen grains (Fig. 3, Table 4 ).
In both backgrounds, a significant effect of pollen age on germination was found for pollen grains with zero and three apertures: in all these cases, young pollen exhibited a higher percentage of germination than old pollen ( Fig. 3; Table 4 ). However, no effect of pollen age was found for pollen with four or four to eight apertures (lsq6 and osd1; Fig. 3 ; Table 4 ).
Pollen tube growth is largely unaffected by aperture number
Another factor that can potentially affect pollen reproductive performance is the rate of pollen tube growth. To see if differences in aperture number impact this aspect of pollen performance, we determined the average length of pollen tubes produced by grains with different numbers of apertures 4 h after pollination. The ANOVA test performed on the data obtained for the Columbia background pollen with zero [inp1, pollen tube length (mean ± s.d.) = 378 ± 62 µm, number of pollinated pistils n = 12], three (wt Col, pollen tube length = 416 ± 55 µm, n = 22) or four apertures (lsq6, pollen tube length = 464 ± 75 µm, n = 13) revealed a significant effect of aperture number (F = 5.94, d.f. = 2, P-value = 0.0052). The multiple comparisons of means by the Tukey contrast test found no significant difference between the triaperturate wt Col and the other two lines (P-value = 0.22 for the wt Col-inp1 comparison and P-value = 0.08 for the wt Col-lsq6 comparison), but revealed a significant difference between the pollen without apertures and the pollen with four apertures (P-value = 0.004 for the inp1-lsq6 comparison).
For the wt No-0-osd1 pair, the mean pollen tube growth rate was not significantly different (t = -1.13, d.f. = 27, P-value = 0.27) between the line with three apertures (pollen tube length = 475 ± 75 µm, n = 15) and the line with four to eight apertures (pollen tube length = 440 ± 90 µm, n = 14).
Triaperturate pollen outcompetes inaperturate pollen in mixed pollination assays
Although inaperturate pollen is not very commonly found in nature, it exhibited a surprisingly strong performance in most assays described above, often behaving similarly to triaperturate pollen. This prompted us to test the ability of inaperturate pollen to sire seeds when forced to compete in races with triaperturate pollen. We pollinated stigmas of Col-0 flowers with both triaperturate Col-NPTII pollen and inaperturate inp1 pollen and tested the paternity in seeds derived from such mixed crosses using the inheritance of the NPTII gene, which provides resistance to kanamycin, as a paternity marker. Col-NPTII pollen exhibits identical behaviour to Col-0, and its progeny produced in competitive pollination assays segregates with Col-0 progeny at a 1:1 ratio (Table 5 ; Carlson et al., 2009 Carlson et al., , 2013 . We therefore considered Col-NPTII pollen to be equivalent to wt Col. In two separate trials performed with Col-NPTII/inp1 mixed pollinations, we found that, when forced to compete with triaperturate pollen, inaperturate pollen sired significantly fewer seeds (Table 5 ), suggesting that apertures do in fact influence pollen reproductive success. lsq6 ( 
DISCUSSION
Previous studies have led to suggestions that the stasis of triaperturate pollen in eudicots is probably caused by selective forces maintaining this pattern (Matamoro-Vidal et al., 2012 , 2016a . Selection controlling aperture patterns may be sensitive to several pollen traits that could be affected by the number and morphology of apertures. Here, we used Arabidopsis thaliana mutants producing pollen with zero, three, four and a mix of four to eight apertures (d'Erfurth et al., 2009; Dobritsa et al., 2011; Dobritsa and Coerper, 2012; Reeder et al., 2016) . A monocolpate mutant would have completed the series, but no such mutant has been identified yet. We tested the influence of aperture numbers on such important pollen performance traits as germination, longevity and pollen tube growth, as well as comparing the general ability to sire seeds between two otherwise well-performing types of pollen -triaperturate and inaperturate.
Aperture patterns affect pollen germination and longevity
Comparison of several arabidopsis lines differing in aperture numbers revealed the effect of this morphological feature on germination of young pollen grains. For pollen at 30 min postpollination, the germination of the triaperturate and inaperturate pollen was similar and they both outperformed pollen with higher numbers of apertures. However, 4 h after pollination, the triaperturate pollen consistently outperformed all other pollen types.
Comparison of germination between young and old pollen demonstrated that the young pollen grains with almost every aperture pattern exhibited higher germination than the old grains, suggesting a general loss of pollen viability over time. The reduction in germination effect, however, was much less pronounced in the pollen with more than three apertures, which, as young pollen, already exhibited lower germination than other pollen types. Although the young triaperturate pollen germinated better than the young inaperturate pollen, the germination was similar for the old pollen of both genotypes. In turn, old pollen with either three or zero apertures outperformed the old lsq6 and osd1 pollen with more than three apertures. We note that a potential caveat in the use of the lsq6 and osd1 lines is that their pollen is diploid: therefore, unlike with the inp1 mutant, which produces haploid pollen and has no obvious differences from the wild type other than the absence of apertures, the increased number of apertures may not be their only difference from the triaperturate wild-type pollen. Yet, at the moment, these lines represent the best available tools for assessing performance of pollen with more than three apertures: despite performing two large-scale genetic screens in arabidopsis (Dobritsa et al., 2011; M. Tan, P. Amom, and A. A. Dobritsa, unpubl. res.), we did not identify any mutants in which the number of apertures increased without a concomitant rise in pollen ploidy.
The effect of pollen aperture pattern on germination was previously studied in the heteromorphic species Viola diversifolia and Viola calcarata which, respectively, produce pollen with three and four or four and five apertures within the same anther (Dajoz et al., 1991 (Dajoz et al., , 1993 . In some of these experiments, the germination of young pollen grains was higher in the morphs with a higher aperture number -a finding inconsistent with our results on the arabidopsis aperture series. In most Viola experiments, however, no significant difference was found between pollen with different aperture numbers (Dajoz et al., 1991 (Dajoz et al., , 1993 Till-Bottraud et al., 1999) . These experiments, however, were conducted primarily in vitro and achieved only a very low germination (5-15 %), which could explain the discrepancy. Although an in vivo experiment in V. diversifolia was attempted (Dajoz et al., 1993) , it was performed with a very low number of pollen grains, making the results hard to interpret.
Aperture patterns seem to have little effect on the in vivo pollen tube growth rate in arabidopsis
Previous in vitro experiments on pollen tube growth in V. diversifolia indicated that the pollen tubes of triaperturate pollen grow longer compared with four-aperturate pollen after 2 h of germination, independently of pollen age (Dajoz et al., 1993) . Our current experiments in arabidopsis, comparing pollen tube growth of young pollen after 4 h of on-stigma germination, did not reveal significant differences between the triaperturate pollen and other pollen morphs. The difference between inp1 and lsq6 could potentially be attributed to some delay in initiation of the inp1 pollen germination. The difference between the Viola and arabidopsis results might be due to the difference between the in vitro and in vivo conditions or due to interspecific differences.
Both triaperturate and inaperturate pollen grains exhibit increased longevity compared with pollen with higher aperture numbers
In our experiments, the old triaperturate and inaperturate pollen of Arabidopsis exhibited higher germination than the four-or four-to eight-aperturate pollen, demonstrating that pollen with fewer apertures has increased longevity compared with pollen with more apertures. These results are consistent with previous findings in V. diversifolia, which showed that the ability to germinate was lost faster in the pollen grains with four apertures than in those with three (Dajoz et al., 1993) .
Multiple aspects of pollen performance could be affected by aperture numbers
Performance variation of pollen grains differing in aperture number and location on the pollen surface could be due to several factors which may be influenced by aperture patterns (Edlund et al., 2004) : (1) the initial levels of hydration and folding of the pollen grain prior to its contact with the stigma; (2) the speed of water absorption and pollen hydration after pollen arrival on the stigma; (3) the probability of contact between an aperture and the stigmatic surface; and (4) the size of the pollen surface area that is available for pollen tube emergence. An increase in aperture number would be expected to increase the probability of contact, the speed of water transfer and the area available for germination, but it would also be likely to increase the level of initial dehydration of the pollen grain, which may negatively affect pollen viability or increase the amount of water required for efficient rehydration.
In addition to pollen germination and longevity, aperture patterns may also affect the ability of pollen to withstand volume changes associated with osmotic stresses or hydration status (Heslop-Harrison, 1979; Edlund et al., 2004) . Mathematical modelling of the pollen folding under dehydrating conditions highlighted the importance of apertures for achieving the predictable and reversible folding (Katifori et al., 2010) . Our recent studies on pollen from different species revealed that aperture patterns correlate with differences in the ability of pollen to withstand osmotic stress (Matamoro-Vidal et al., 2016b) . In particular, using the same arabidopsis aperture series as in this work, we found that the increase in apertures is associated with increased pollen wall breakage, with inaperturate pollen exhibiting the highest resistance to osmotic stress (Prieu et al., 2016) .
Interestingly, inaperturate pollen performed quite well in most of our assays, even though this pattern is fairly uncommon in nature (Furness, 2007) . In many cases, inaperturate pollen is associated with plants that have functionally female flowers, are adapted to an aquatic lifestyle or have thin exine, any of which may lead to decreased reliance on apertures for pollen germination or hydration (Furness, 2007) . The surprisingly strong performance of the inp1 pollen is likely to be linked to the morphology and/or physiology of arabidopsis pollen and stigma. A recent study found that, even in the presence of three apertures, pollen tubes in arabidopsis and in many other Brassicaceae species exhibit a high frequency of non-apertural emergence, often choosing the most direct route to the stigma by breaking through the exine rather than taking an aperture detour (Edlund et al., 2016) . The presence of a relatively thin (approx. 1 µm) exine in arabidopsis (Dobritsa et al., 2011; Edlund et al., 2016) may allow non-apertural breakouts and could explain the strong performance of inaperturate pollen in our germination assays. In addition, it has recently been proposed that arabidopsis and the other Brassicaceae species capable of non-apertural tube emergence may have specific enzymatic mechanisms acting at the pollen-stigma interface to facilitate exine degradation in the areas between apertures (Edlund et al., 2017) .
Still, despite the ability of arabidopsis pollen tubes to break through the walls, none of the 307 recently surveyed arabidopsis ecotypes completely lacks apertures (Z. Weber and A. A. Dobritsa, unpubl. res.) , arguing against the idea that apertures do not play an adaptive role in this species. Additionally, the results of our competitive crosses between triaperturate and inaperturate pollen indicate that apertures indeed provide selective advantage to arabidopsis pollen and facilitate its reproductive success.
Taken together, our results suggest that triaperturate pollen grains might provide the best trade-off among various pollen performance traits, ensuring strong germination ability, high longevity and a good enough capacity to accommodate volume changes, thus potentially explaining the prevalence of this morphological trait in the eudicot clade. Seeds per silique are shown as the mean ± s.e. n = total number of seeds from all the crosses for a particular trial. *Indicates statistical significance at the P < 0.05 level; ***indicates statistical significance at the P < 0.001 level.
